We have generated mice that carry a neuron-specific leptin receptor (LEPR) transgene whose expression is driven by the rat synapsin I promoter synapsin-LEPR B (SYN-LEPR-B). We have also generated mice that are compound hemizygotes for the transgenes SYN-LEPR-B and neuron-specific enolase-LEPR B (NSE-LEPR-B). We observed a degree of correction in db/db mice that are hemizygous (Syn db/db) and homozygous (Syn/Syn db/db) for the SYN-LEPR-B transgene similar to that previously reported for the NSE-LEPR-B transgene. We also show complete correction of the obesity and related phenotypes of db/db mice that are hemizygous for both NSE-LEPR-B and SYN-LEPR-B transgenes (Nse+Syn db/db). Body composition, insulin sensitivity, and cold tolerance were completely normalized in Nse+Syn db/db mice at 12 weeks of age compared with lean controls. In situ hybridization for LEPR B isoform expression in Nse+Syn db/db mice showed robust expression in the energy homeostasis-relevant regions of the hypothalamus. Expression of 3 neuropeptide genes, agouti-related peptide (Agrp), neuropeptide Y (Npy), and proopiomelanocortin (Pomc), was fully normalized in dual transgenic db/db mice. The 2 transgenes in concert conferred normal fertility to male and female db/db mice. Male mice with partial peripheral deletion of Lepr, induced in the periweaning phase, did not show alterations in body composition or mass. In summary, we show that brain-specific leptin signaling is sufficient to reverse the obesity, diabetes, and infertility […]
Introduction
Leptin, the adipocyte-derived hormone, serves as an indicator of stored energy in the form of white adipose tissue, (1) and circulating concentrations of leptin are positively correlated with adiposity (2) . The leptin receptor (LEPR) belongs to the cytokine receptor class I superfamily (3) . There are several known isoforms of LEPR in mice due to alternative splicing, and LEPR B isoform (LEPR-B), also known as the long form, is the only STAT3 signaling-competent isoform. Defective leptin signaling due to mutations in the leptin gene, obese (ob/ob), or mutations in the receptor in mice, diabetes (db/db), and in rats, fatty (fa/fa), causes a disruption in energy balance resulting in obesity from hyperphagia and decreased energy expenditure (2, 4, 5) . A similar phenotype is observed in humans with mutations in the leptin or the LEPR genes (6, 7) . These phenotypes are mediated by the action of leptin in hypothalamic neurons bearing the B isoform of the LEPR. In the hypothalamus, leptin activates the JAK/STAT pathway in neurons that coexpress α-melanocyte stimulating hormone (α-MSH) and cocaine amphetamine-regulated transcript (CART) and represses neurons coexpressing neuropeptide Y (NPY) and agouti-related peptide (AGRP). While these arcuate nucleus neurons are known to be important mediators of leptin action, the full set of leptin-sensitive neurons remains to be fully elucidated. Ultimately, leptin signaling results in a decrease in feeding and an increase in energy expenditure in order to maintain energy homeostasis. In states of negative energy balance such as starvation, a decrease in leptin levels causes an increase in food intake and a decrease in energy expenditure by derepressing NPY/AGRP expression and decreasing activity of proopiomelanocortin/CART (POMC/CART) neurons (8) .
We have previously reported the effects of the neuron-specific enolase-LEPR B (NSE-LEPR-B), which is expressed exclusively in the mouse central nervous system due to the neuronal specificity conferred by the positively-regulated ENO2 promoter (9, 10) . This transgene in the hemizygous state partially ameliorates the obesity and related phenotypes of diabetes (db 3J /db 3J and db/db) mice. However, our data demonstrate that the degree of correction conferred by the NSE-LEPR-B transgene is dose dependent and is insufficient to completely normalize db/db mice. A possible explanation for the incomplete rescue, even with the increased gene dosage, is that NSE-LEPR-B is not sufficiently expressed in all relevant hypothalamic neurons. The incomplete correction of the obese phenotype, even in Nse/Nse db/db mice, also leaves the question of whether peripheral leptin signaling is required in addition to neuron-specific leptin signaling to completely normalize db/db mice. Recent work regarding peripheral leptin signaling in skeletal muscle has shown it to regulate AMP kinase to reduce intracellular lipid content although it has not been shown to affect body weight in rodents (11) . In addition, recent work by Huan et al. suggest that adipocyte-specific reduction of LEPR by antisense RNA causes a significant increase in adiposity in mice due to reduced leptin signaling through LEPR-B (12) . However, it is unclear if the increase in adiposity is caused by defective leptin signaling or by the technical knockout experimental approach used. This approach has been shown to cause obesity in mice independently of the antisense RNA target sequence used (13) .
In this report, we analyze the effects of a new neuron-specific transgene, synapsin-LEPR-B (SYN-LEPR-B), in db/db mice. The SYN-LEPR-B transgene expresses LEPR-B specifically in neurons. The rat synapsin I (SYN I) promoter used in the construction of this transgene restricts expression to the central nervous system of the mice by a negative regulatory mechanism via the neuron-restrictive silencer factor/RE-1 silencing transcription factor (NRSF/REST) binding motif (14, 15) . The SYN I promoter is regulated differently from the NSE promoter, which may result in spatial differences as well as differences in strength of LEPR-B expression. We report the effect of this transgene on the obesity and diabetes of db/db mice in the hemizygous state (Syn db/db) and in the homozygous state (Syn/Syn db/db). In addition, we crossbred Nse/Nse db/db mice with Syn db/+ mice to create compound hemizygous Nse+Syn db/db mice to test whether the combination of transgenes with potentially complementary expression patterns is more effective than either transgene alone in preventing the db/db phenotype.
Results

Expression of SYN-LEPR-B transgene is restricted to brain.
We performed nested 3′-rapid amplification of cDNA ends (3′-RACE) to assess the neuronal specificity of SYN-LEPR-B transgene expression. The tissues analyzed were the hypothalamus, cerebral cortex, pituitary gland, liver, pancreas, skeletal muscle, white adipose, brown adipose, adrenal gland, ovary, and testes. We found overall expression of the SYN-LEPR-B transgene was restricted to brain, including very low levels of expression in the pituitary gland and no detectable expression in the other peripheral tissues examined ( Figure 1) .
We have also determined spatial expression patterns conferred by the SYN-LEPR-B transgene, the NSE-LEPR-B transgene, and both transgenes together in the hypothalamus using in situ hybridization. The use of transgenic db3J/db3J mouse brains eliminated the signal from the endogenous Lepr gene as the exonic 17-bp deletion in the db3J allele greatly attenuates expression. In general, we observed stronger hybridization signal intensity by the SYN I promoter-driven transgene than by the NSE promoter-driven transgene while both showed stronger expression compared with wild type. The most intense hybridization signal intensity was noted in the brain sections from the compound transgenic Nse+Syn Figure 4 , D, F, and H). We also examined expression of the transgene in the hindbrains of Nse+Syn db/db and Syn db/db mice. Syn db/db mice showed mild expression in the nucleus of the tractus solitarius (NTS) and no expression in the area postrema whereas Nse+Syn db/db mice showed strong expression in both of these regions (Supplemental Figure 2 ; supplemental material available online with this article; doi:10.1172/JCI24059DS1).
SYN-LEPR-B and NSE-LEPR-B transgenes separately attenuate body weight and adiposity of db/db mice but completely normalize it when coexpressed. In males, the SYN-LEPR-B transgene appeared to have no effect on body weight when at least 1 wild-type allele of Lepr was present (31.7 ± 1.2 g versus 29.4 ± 0.7 g for Syn +/+, Syn db/+ versus lean controls, respectively; P > 0.05) ( Figure 5 , Table 1 , and Supplemental Figure 1A) . We analyzed the impact of this transgene in mice with at least 1 wild-type Lepr allele and, at least under the described conditions, the transgene did not have an effect on body weight or body composition of either males or females (Tables 1 and 2 ). Thus, further analyses included transgenic +/+ and transgenic db/+ mice as lean controls. The SYN-LEPR-B transgene reduced the body weight of db/db mice in a dose-dependent manner; Syn db/db male mice (38.8 ± 4.4 g) experienced a partial reduction of body weight when compared with obese (nontransgenic db/db mice) controls (54.5 ± 2.5 g; P < 0.001) while the body weight of the Syn/Syn db/db mice (32.8 ± 1.9 g) was similar to that of lean controls (29.4 ± 0.7 g; P > 0.05). Adiposity was de creased by the transgene in the Syn/Syn db/db male mice (31.3% ± 2.1%) when compared with obese controls (54.5% ± 1.7%; P < 0.001). However, the correction was not complete when compared with lean controls (16.0% ± 0.7%; P < 0.001). The NSE-LEPR-B transgene, as we previously reported, showed similar degrees of correction in db/db mice (10) . Nse+Syn db/db male mice experienced a complete correction of their body weight (26.5 ± 0.9 g; P > 0.05) and adiposity (20.3% ± 0.8%; P > 0.05) when compared with lean controls (Table 1) . A graphical representation of body composition shows that most of the correction in body weight conferred by the transgenes was due to a marked reduction in fat mass ( Figure 5 ). However, there was a very small decrease in lean mass in Nse+Syn db/db mice when compared with partially corrected Syn/Syn db/db, Syn db/db, and db/db mice and lean controls.
A similar phenotype was observed in female SYN-LEPR-B transgenic mice when analyzed for body weight. In females, the SYN-LEPR-B transgene appeared to have no effect on body weight when at least 1 wild-type allele of Lepr was present, Syn +/+ or Syn db/+, when compared with lean controls (23.4 ± 0.8 g vs. 23 .0 ± 0.8 g respectively; P > 0.05) ( Table 2 and Supplemental Figure 1B) . Syn db/db female mice experienced a large reduction in body weight (30.5 ± 1.5 g) when compared with obese controls (59.5 ± 2.1 g; P < 0.001). However, they were still substantially heavier than lean controls (P < 0.05). We were unable to analyze female Syn/Syn db/db mice because of difficulties in obtaining and propagating these mice. We did, however, examine Nse+Syn db/db female mice and found that body weight (20.5 ± 0.5 g) and adiposity (20.2% ± 1.3%) were completely normalized with no difference from lean controls ( Table 2 ). We also found that the transgenes in female db/db mice corrected adiposity by decreasing fat mass, similar to our observations in males ( Figure 5 ).
Food intake is normalized in Nse+Syn db/db mice. The lower body weight and reduced adiposity in Syn db/db, Syn/Syn-db/db, and Nse+Syn db/db mice can be partially attributed to a significant decrease in caloric intake. The SYN-LEPR-B transgene caused a dose-dependent decrease in daily food intake as demonstrated in Syn/Syn db/db (3.8 ± 0.3 g/d) and Syn db/db male mice (4.3 ± 0.2 g/d; P < 0.001), and both were significantly different from obese controls (7.8 ± 0.1 g/d; P < 0.001) ( Table 1 ). In male Nse+Syn db/db mice, the transgenes completely normalized food intake (3.1 ± 0.1 g/d) when compared with lean controls (3.3 ± 0.2 g/d; P > 0.05). A similar pattern of correction was observed in female mice. Female Syn db/db mice ate significantly less (3.4 ± 0.1 g/d) than obese controls (6.4 ± 0.1 g/d; P < 0.001) but more than lean controls (2.6 ± 0.2 g/d; P < 0.001). Female Nse+Syn db/db mice had daily food intake (2.4 ± 0.2 g/d) similar to that of lean controls (2.6 ± 0.2 g/d; P > 0.05) ( Table 2) .
Cold intolerance is improved in Syn db/db and Nse+Syn db/db mice. Restoration of leptin signaling in the brain reversed the cold intolerance of db/db mice. Exposure to an ambient temperature of 0-2°C for 1 hour resulted in a core body temperature loss of 8.0 ± 3.1°C in db/db mice due to impaired thermogenic capacity. This drop in core body temperature was prevented in Nse+Syn db/db mice (-4.3 ± 0.7°C, n = 8; P < 0.001 vs. db/db) and Syn db/db mice (-3.9 ± 1.9°C, n = 8; P < 0.001 vs. db/db), and when compared with +/+ mice (-2.7 ± 0.8°C, n = 24), Nse+Syn db/db and Syn db/db mice were not statistically different in their ability to maintain core body temperature (P > 0.05 for both), despite an apparent trend toward lower core temperatures in the transgenic mice.
Diabetic phenotype is reversed in db/db mice with SYN-LEPR-B and NSE-LEPR-B transgenes.
Insulin resistant diabetes is a major concomitant phenotype associated with obesity in db/db mice. Male Syn db/db mice showed an improvement in all measures of diabetes (Table 1 and Figure 6 ), including the homeostasis model assessment (HOMA) index. The SYN-LEPR-B transgene in males ameliorated insulin resistance in a dosage-dependent manner as seen with fasted and postprandial glucose and insulin levels in Syn/Syn db/db compared with Syn db/db mice. More striking was the impact of SYN-LEPR-B in combination with NSE-LEPR-B. Lean controls and Nse+Syn db/db mice had HOMA index values of 25.7 ± 1.4 and 29.0 ± 5.6, indicating normal insulin sensitivity conferred by the 2 transgenes in combination. A significant correction of glucose metabolism was also observed in female transgenic mice. Syn db/db mice had vastly improved glucose control as measured by both HOMA (22.1 ± 8.2) and the quantitative insulin sensitivity check index (QUICKI) (0.424 ± 0.05) (data not shown), both of which showed significant differences from results in obese controls. Compared with the HOMA index for lean controls (7.6 ± 1.7; P = 0.006), that for Syn db/db mice appeared to show slightly more insulin resistance ( Table 2 ). Immunohistochemical analyses of pancreatic sections revealed normal islet morphology in male Nse+Syn db/db mice and a dose-dependent correction of enlarged pancreatic islets in Syn db/db and Syn/Syn db/db mice ( Figure 7) .
Coexpression of SYN-LEPR-B and NSE-LEPR-B transgenes corrects hypothalamic Npy, Agrp, and Pomc expression in db/db mice.
There were significant decreases in levels of expression, as detected by real-time quantitative PCR, of Npy in Nse+Syn db/db mice when compared with db/db mice and no differences in Npy expression between lean control mice and Nse+Syn db/db mice ( Figure 8A ). Agrp expression was also significantly decreased in Nse+Syn db/db mice when compared with db/db mice ( Figure 8B ). Pomc expression levels in lean mice were similar to those of Nse+Syn db/db mice ( Figure 8C ). While there was a trend for lower POMC mRNA in Nse+Syn db/db mice relative to lean mice, the difference did not reach statistical significance (P = 0.07)
SYN-LEPR-B and NSE-LEPR-B transgenes in combination completely restore fertility in male and female db/db mice.
Leptin signaling is required for normal fertility as demonstrated by the infertility of ob/ob and db/db mice. The SYN-LEPR-B transgene showed a dose-dependent amelioration of the infertility of db/db male and female mice. All female Syn db/db females were able to become pregnant and deliver normal-sized litters. However, the duration of time between mating pair setup and the birth of the first litter in Syn db/db females was 65.7 days, 52 days in Syn/Syn db/db mice, whereas in wild-type mice this period is typically 21-26 days (C. de Luca, unpublished observations). Nse+Syn db/db females' duration of time between mating pair setup and the birth of the first litter was 24.4 days. In addition, all 5 females tested produced litters of 8 or more pups (Table 3) . Male Syn db/db and Syn/Syn db/db mice showed a fertility phenotype similar to that of their female counterparts. Male Syn db/db mice only produced offspring in 3 of 7 matings and experienced a delay similar to that seen in the females of 60.3 days. The 2 Syn/Syn db/db male mice tested were able to sire litters with less delay (36 days) than Syn db/db males (60.3 days).
Table 1
Impact of LEPR-B transgenes on body composition, feeding, and glucose handling of male mice 
Figure 6
Glucose-insulin plots in fasting male mice. Male Nse+Syn db/db mice were completely normal, with 21.2 days from the mating setup date to the birth of the first litter; all 5 males tested sired litters of 8 pups or more (Table 3) . Deletion of peripheral signaling LEPR has no effect on adiposity. To directly assess the role of peripheral LEPR in the regulation of adiposity, we generated a mouse model of somatic chimerism with deletion of the signaling motifs of LEPR restricted to peripheral tissues by conditional gene inactivation using a tamoxifen-inducible (Tam-inducible) CRE-ER T2 transgene (16) (17) (18) (19) . Deletion of exon 17 was induced with Tam i.p. at 1 mg/day for 5 days. This regimen produced no deletion of exon 17 of Lepr in the brain and hypothalamus but substantial deletion of exon 17 in the liver, pancreas, small intestine, and white adipose tissues of Lepr flox/flox ; ROSA26 CRE-ERT2/+ mice ( Figure 9A ). Body composition determinations by dual energy X-ray absorptiometry (DEXA) analysis 3 months after Tam treatment revealed no differences in either body weight or fat mass between Cre+Tam and nonCre+Tam mice ( Figure 9B ).
Discussion
We have previously shown that the NSE-LEPR-B transgene has effects on all aspects of obesity caused by disruptions of leptin signaling in db/db mice (10, 20) . Mice that are hemizygous for the transgene and LEPR deficient (db and db 3J ) were leaner and less insulin resistant and had normal cold tolerance. Males regained fertility while females remained infertile. Pomc expression was normalized although Agrp and Npy were only partially normalized. We then showed the effect of the transgene in the homozygous state in db/db mice. We reasoned that increasing the dosage of the transgene would increase the expression of LEPR-B and allow for greater correction of the obese phenotype in db/db mice. The increased transgene dosage further reduced the adiposity in male db/db mice and that in female db/db mice to a lesser degree. Glucose metabolism was partially corrected in the transgenic mice, but they still retained mild insulin resistance. The fertility and ability to lactate was completely restored in female transgenic mice. NSE-LEPR-B was effective in a dose-dependent manner in ameliorating nearly all major phenotypes associated with LEPR deficiency. However, 2 questions remain in regard to the ability of the NSE-LEPR-B transgene to rescue all aspects of the LEPR deficiency phenotype: (a) Is leptin signaling in peripheral organs the reason that neuronspecific LEPR-B expression fails to completely correct the obese phenotype of db/db mice? (b) Are all the relevant neurons in the hypothalamus and other regions of the brain responsible for mediating LEPR-B signaling sufficiently expressing the transgene?
In this study, we use the SYN I promoter to confer neuron-specific expression of LEPR-B. Expression analysis of the transgene confirmed neuron-specific expression in the tissues examined although we did not examine expression in peripheral nerves, such as the vagus nerve, which has been shown to be leptin sensitive and to affect feeding behavior (21, 22) . We observed a similar amelioration of the obesity and diabetic phenotypes as we did with the NSE-promoter driven transgene. The transgene had no apparent effect on the phenotype of db/+ or +/+ mice, indicating that increasing LEPR number by transgenic overexpression did not alter body weight under the conditions described (Supplemental Figure 1, A and B) . The body weight of the Syn db/db mice was decreased in both males and females when compared with db/db controls but remained significantly heavier than in lean controls. The data indicated a partial correction of food intake due to expression of the transgene. We examined insulin sensitivity by calculating HOMA index values. Male Syn db/db mice were insulin resistant while females exhibited a milder insulin resistance. However, Nse db/db mice did not exhibit such a level of insulin resistance despite a similar degree of adiposity. This may be explained in part by the normalization of POMC expression in Nse db/db, mice as the central melanocortin system modulates insulin release and peripheral insulin sensitivity before the onset of obesity in melanocortin 4 receptor knockout mice (Mc4r -/-) (23).
We carried out fertility studies to assess the ability of the SYN-LEPR-B transgene to correct the infertility of db/db mice and found that, although fertility was restored in females, the length until the birth of their first litter was 40 days later than in lean controls. Fewer than half of the males tested were able to sire litters, and they did so with a similar delay in gestation as in transgenic db/db females. It is possible that the SYN-LEPR-B transgene did not correct behavioral abnormalities in db/db males although we did not measure androgens, which may have remained abnormally low. It is also possible that alterations in estrus cycling and aborted pregnancies may have played a role in the female's subfertility. These parameters were not measured in this study and warrant further investigation.
Syn db/db mice showed a partial correction of the obesity and related phenotypes similar to the correction in Nse db/db mice despite the relatively higher level of expression from the SYN-LEPR-B transgene. We carried out an examination of the effect of the SYN-LEPR-B transgene in the homozygous state to determine the effect of increasing dosage of the transgene on the degree of correction. Syn/Syn db/db males had body weights similar to those of lean controls but differed in body composition, showing an increase in fat mass. These mice also exhibited a greater degree of insulin sensitivity than the Syn db/db mice. Daily food intake in these mice was decreased as well. Fertility was also improved, and the delay in pregnancy and delivery we observed in Syn db/db mice was shortened significantly in both males and females. In summary, the SYN-LEPR-B transgene was able to confer a dosedependent rescue of the obese phenotype in db/db mice though a full correction was not obtained.
We believe that while leptin signaling in the brain is required to normalize energy balance of db/db mice, we have shown that it cannot be fully achieved with the expression of either the NSE-LEPR-B or SYN-LEPR-B transgenes in the hemizygous or homozygous state. The reason for this inability to completely correct the obesity/diabetes phenotype is made evident by examining the strength and pattern of transgene expression conferred by each transgene from the in situ hybridization data (summarized in Table 4 ). We examined the relative strengths of expression of the transgenes and found that the SYN-LEPR-B transgene was more highly expressed in the brain in general and particularly in the hypothalamus compared with both the NSE-LEPR-B transgene and endogenous Lepr. This is of interest because we initially reported a gene dosage effect in the NSE-LEPR-B transgenic animals, but these data suggest that even at very high levels of expression of LEPR-B, as in the SYN-LEPR-B transgenic mice, gene dosage is not likely the only factor involved in faithfully restoring leptin signaling to correct the obese phenotype of db/db mice. Examining the pattern of expression, we found that the NSE-LEPR-B transgene was not expressed in the PVN and was weakly expressed in the ventromedial nucleus (VMN), both of which contain neurons that are sensitive to leptin, as shown by immunohistological analysis of STAT3 phosphorylation upon leptin stimulation (24, 25) . We also found that the SYN-LEPR-B transgene, while providing a more intense expression signal overall, showed a weaker signal in the PMN compared with the NSE-LEPR-B transgene. We wish to note that this hypothalamic area is related to pheromonal stimulation in males and females with projections, some of which express CART, to gonadotropin-releasing hormone (GnRH) neurons in the medial preoptic area (26) (27) (28) (29) , pointing to a potential role of these areas for leptin regulation of sexual development and/or reproduction. We do not know which cells within these hypothalamic nuclei are expressing the transgene. However, our data suggest that expression patterns of the individual transgenes alone cannot fully reproduce native leptin signaling in the brain and that increasing expression only supplements the established pattern. This observation led us to ask the question: Can both transgenes together effectively restore brain-specific leptin signaling by complementation that would more effectively rescue the obese phenotype of db/db mice?
The data presented show that the compound transgenic mice are indistinguishable from lean controls. Specifically, body weight and body composition, ad libitum food intake, insulin sensitivity, cold tolerance, and fertility of the compound transgenic mice were fully normalized to the levels of lean controls. Furthermore, we found normalization of Npy, Agrp, and Pomc mRNA levels in db/db mice by the 2 transgenes. This finding is consistent with the absence of hyperphagia and normalized body composition in these animals.
Male and female Nse+Syn db/db mice were both fertile. Nse+Syn db/db mice produced normal-sized litters without the delay we observed in SYN-LEPR-B transgenic mice. Recent work suggests the mechanism of fertility restoration is independent of STAT3 signaling by showing a partial restoration of fertility in mice with LEPRs deficient in their ability to phosphorylate STAT3, demonstrating that LEPR probably mediates its effects on NPY via other signal transduction pathways such as PI3K or extracellular signal-regulated kinase ERK (30). Sainsbury et al., also showed that a deletion of NPY receptor Y4, a G-protein coupled receptor that does not couple to the JAK-STAT pathway directly, rescues the fertility of ob/ob mice, implicating elevated NPY levels as a major cause of infertility in ob/ob and db/db mice (31) . We propose that the transgene's effect on normalizing NPY levels contributes to the restoration of fertility in Nse+Syn db/db mice.
Nse+Syn db/db female mice, in addition to being fertile, were able to nurture their pups. It has been demonstrated that leptin is required for the normal development of the mammary gland (32) . Treatment of ob/ob female mice with leptin until 6.5 dpc (days post coitum) permitted conception, implantation, and gestation but resulted in failure of the pups to thrive due to the mother's inability to lactate. However, continuous leptin treatment of ob/ob females prior to pregnancy and beyond parturition allows for normal mammary gland development and pup survival (32) . Further evidence for leptin's role in lactation can be seen in female Y4R -/-; ob/ob double knockout mice that are fertile but have poorly developed mammary glands that are unable to lactate sufficiently (31) . Mice with defective LEPR-B STAT3 signaling are also fertile but unable to lactate, suggesting that leptin mediates its role in the control of lactation via the LEPR-B STAT3-signaling pathway (30) . It is not known if the inability to lactate in these mice is due to improper mammary gland development or insufficient lactogenesis. Our data suggest that neuron-specific LEPR-B signaling is sufficient to permit normal mammary gland development and ability to lactate in female Nse+Syn db/db mice.
Examination of transgene expression by in situ hybridization revealed that complementation of expression may allow for normal leptin signaling in the hypothalamus as it relates to energy balance. The NSE-LEPR-B and SYN-LEPR-B transgenes together 
Figure 9
Deletion of peripheral signaling LEPR has no effect on adiposity. provided relatively high levels of expression in all the relevant hypothalamic nuclei: PVN, arcuate nucleus (ARC), dorsomedial nucleus (DMN), VMN, ventral PMN, and the LH as well as the NTS and the area postrema in the hindbrain. In addition to these regions that are known to regulate energy homeostasis, we observed expression in regions of the brain not normally involved in energy homeostasis. This is a limitation of the approach we used. In this transgenic model, we cannot determine what contribution, if any, overexpression of LEPR-B and ectopic expression contributed to the phenotype of the transgenic db/db mice. To address this issue, we conditionally deleted Lepr in peripheral tissues in order to produce a mouse with endogenous "brain-only" Lepr expression. Although the deletion was incomplete, the cell-autonomous function of LEPR would be expected to produce an effect on fat mass if leptin signaling was important in its regulation. However, the resulting mice with partial peripheral LEPR deficiency had normal body weight and body composition. As a whole, our data indicate that (a) restoration of leptin-receptor signaling in the brain can completely correct the obesity and diabetes of db/db mice and (b) leptin signaling in peripheral tissues plays a minor role, if any, in normal energy homeostasis of these genetically manipulated mice. However, there is a possibility that direct leptin action on both the nervous system and peripheral organs is necessary for completely normal regulation of body composition, ingestive behavior, and reproduction. The current reductionist models do not address the potential for complexity and interactions (between various cell types throughout the body) that may be responsible for the phenotypic expression of complete loss of leptin signaling although extant genetically modified mouse models can be useful tools to examine these potential interactions.
Methods
Animals. Animals were housed in a barrier facility with a controlled ambient temperature of 22°C and a 14/10-hour light-dark cycle. Animals were fed a standard laboratory chow diet (PicoLab Mouse Diet 20: 55% carbohydrate, 20% protein, 9% fat; PMI Nutrition International) and sterilized water ad libitum. Pathogens were tested on a quarterly basis, and all serologies tested were negative throughout the study. Animals requiring anesthetization were given an i.p. injection of a ketamine/xylazine mixture (50 mg/kg ketamine with 50 mg/kg xylazine). Animals were euthanized by carbon dioxide asphyxiation followed by cervical dislocation. Blood used for glucose determinations was collected in live, awake animals by nicked tail vein bleeding between 9:00 and 12:00 am EST. Fasted blood glucose measurements were performed between 9:00 and 12:00 am, following food removal and cage-bedding replacement at 4:00 pm the previous day. All procedures were approved by the Columbia University Institutional Animal Care and Use Committee.
Production of SYN-LEPR-B transgenic mice. A 4.3-kb SalI/XhoI fragment containing the Syn I promoter was inserted into the PacI site of a previously described plasmid containing rat growth hormone intron, full-length mouse LEPR-B, and simian virus 40 (SV40) late polyadenylation signal (10) . The transgene was excised from the plasmid vector using SmaI/PmeI and purified as previously described (10) . The generation of transgenic mice was performed as previously described (10) . Seventeen progeny were obtained, 4 of which were positive for the transgene by PCR analysis of ear-clip DNA. Two male (nos. 1 and 17) C57BL/6JxCBA founders transmitted the transgene to their progeny when mated with mixed strain C57BL/ 6JxFVB/NJ db/+ females. The expression of the transgene was evaluated in the progeny by nested 3′-RACE of LEPR-B mRNA to discern transgenic genomic cDNA from the reverse-transcribed cDNA from transgene mRNA.
The progeny of male no. 17 showed expression of the transgene in the brain and no detectable expression in nonneuronal tissues. The line derived from mouse no. 17 was used for further analysis. Syn db/+ mice were backcrossed to C57BL/6JxFVB/NJ db/+ mice and also intercrossed to sibling Syn db/+ mice to produce progeny that were transgenic hemizygous, i.e., Syn db/db and transgenic homozygous, i.e., Syn/Syn db/db as well as db/db, db/+, and +/+, to serve as littermate controls. N4 C57BL/6J Nse/Nse db/db male mice, as previously described, were mated to Syn db/+ females to produce compound hemizygous transgenic mice Nse+Syn db/db (20) . All mice used for this analysis were predominantly C57BL/6J mixed strain with contemporaneous littermates serving as controls.
The following PCR cycling parameters and primer combinations were used to genotype mice used in this study: SYN-LEPR-B transgene, GTGCTCCT-GAGCCCCTTG and TCCCAGTGTAACAAAACCACA, 35 cycles of 94°C for 30 seconds, 55°C 30 for seconds, and 72°C for 40 seconds, 368 bp product. Lepr db genotyping was performed as previously described (10) .
Generation of a mouse model with deletion of peripheral signaling LEPR. Mice homozygous for a floxed Lepr allele were mated with mice expressing the Tam-inducible CRE-ER T2 fusion protein under the control of the ubiquitous ROSA26 promoter to generate Lepr flox/flox ; ROSA26 CRE-ERT2/+ (Cre mice), and Lepr flox/flox littermates (nonCre mice) (16) (17) (18) (19) . The CRE-ER T2 knockin was a novel allele generated independently of the previous alleles, with the ER T2 domain perhaps providing a degree of central nervous system sparing that was not described for other CRE-ER T alleles. Deletion of exon 17 was induced by i.p. Tam at 1 mg/d for 5 days in 4-week-old male mice. Extent of deletion was assessed by PCR-based DNA analysis (33) .
Nested 3′-RACE. Samples of hypothalamus, cerebral cortex, pituitary gland, liver, pancreas, skeletal muscle, white adipose, brown adipose, adrenal gland, ovary, and testes were dissected from each animal and placed in an RNA stabilization buffer (RNAlater, 1017980; QIAGEN). RNA was extracted using a guanidine thiocyanate method (RNeasy Mini Kit, 74104; QIAGEN). RNA was reverse transcribed using a commercially available kit (3′-RACE System, 18373-019; Invitrogen Corp.). The first PCR used the following gene-specific primer and cycling protocol: CAGGGCTG-TATGTCATTG, an oligo d(T) adapter primer, and 1 cycle of 94°C for 3 minutes, 20 cycles of 94°C for 30 seconds, 57°C for 30 seconds, and 72°C for 1 minute 15 seconds. The second PCR used 2 µl of product from the first PCR as template, and the following primer combination and PCR cycling protocol were used: TCCAAACCCCAAGAATTG, an oligo d(T) adapter primer, and 1 cycle of 94°C for 3 minutes, 35 cycles of 94°C for 30 seconds, 56°C for 30 seconds and 72°C for 1 minute 15 seconds. Hypoxanthine guanine phosphoribosyl transferase (Hprt) expression was used as a loading control. PCR amplification of Hprt used the following primer combination and cycling parameters: AGCAGTACAGCCCCAAAA and TTTGGCTTTTCCAGTTTCA, 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds.
Phenotypic analyses. Protocols for the following assays have been previously described: blood glucose, insulin, leptin, body composition by DEXA, naso-anal length measurements, food intake of individually housed mice, cold tolerance, and pancreatic islet histology. (20) Assessment of fertility. Five male Nse+Syn db/db and 5 female Nse+Syn db/db mice were individually mated at 6 weeks to female and male FVB/NJ mice, respectively. Females were monitored for resulting pregnancies. Litters were then monitored for survival to weaning age.
Quantification of neuropeptide gene expression. Hypothalamic RNA was isolated as described above. RNA was reverse transcribed using random hexamers and commercially available reverse transcriptase (SuperScript III First-Strand Synthesis System for RT-PCR, 18080-051; Invitrogen Corp.). Quantitative PCR was performed using a DyNAmo Hot Start SYBR Green qPCR kit (Finnzymes) with gene-specific primers. Amplification and fluorescence detection were
